We investigated surface selection and adhesion of motile zoospores of a green, macrofouling alga (Enteromorpha) to self-assembled monolayers (SAMs) having a range of wettabilities. The SAMs were formed from alkyl thiols terminated with methyl (CH 3 ) or hydroxyl (OH) groups or mixtures of CH 3 -and OH-terminated alkyl thiols and were characterized by measuring the advancing contact angles and by X-ray photoelectron spectroscopy. There was a positive correlation between the number of spores that attached to the SAMs and increasing contact angle (hydrophobicity). Moreover, the sizes of the spore groups (adjacent spores touching) were larger on the hydrophobic SAMs. Video microscopy of a patterned arrangement of SAMs showed that more zoospores were engaged in swimming and "searching" above the hydrophobic sectors than above the hydrophilic sectors, suggesting that the cells were able to "sense" that the hydrophobic surfaces were more favorable for settlement. The results are discussed in relation to the attachment of microorganisms to substrata having different wettabilities.
Enteromorpha spp. are commonly found throughout the world in the upper intertidal regions of shores and estuaries and are the most common macroalgae that foul man-made structures, including boats, buoys, ships, and submarines (6, 7) . Colonization of substrata occurs mainly through the production and release into the water column of enormous numbers of motile spores, which may be either asexual zoospores or zygotes formed from fusion of sexual gametes (11) . Zoospores are cells that are quadriflagellate, naked (i.e., they lack a cell wall), and pyriform, and the spore body is 7 to 10 m long. The critical event involved in colonization of substrata is the transition from a motile cell to an attached, nonmotile settled cell that develops a cell wall and germinates to produce a new plant.
Prior to permanent adhesion, a swimming spore exhibits characteristic presettlement behavior that involves a change from random swimming to a "searching" pattern of exploration close to the substratum (11) . During the searching phase, the spore appears to become temporarily attached to the substratum as it spins like a top on its apical dome, with the flagella acting as propellers. During spinning, a pad of elastic material is sometimes extruded, and this pad is left behind on the surface if the spore continues to search for a suitable place on which to settle. Once a suitable area for settlement is located, the spore commits itself to permanent adhesion through rapid secretion of an N-linked, polydisperse, self-aggregating glycoprotein (M r under reducing, denaturing conditions, 110,000) that anchors the spore to the substratum (5, 29) .
A number of cues are involved in surface localization by zoospores, including negative phototaxis (10) , thigmotaxis (18) , and chemotaxis (9) . The presence of a microbial biofilm is also important in determining the number of spores that attach to a surface (14; I. Joint, M. E. Callow, J. A. Callow, and K. R. Clark, submitted for publication), possibly through the release of chemical signals and/or modification of the topography or physicochemical properties of the substratum.
In this study we examined the role of surface wettability in zoospore adhesion. Although there have been a number of reports in which the authors have related microbial attachment to surface wettability (1, (16) (17) (18) 28) , there have been none on algae which employ surfaces that are fully characterized and vary systematically with respect to wettability. The substrata used in the present study were self-assembled monolayers (SAMs) of -substituted alkane thiolates on gold (3). SAM technology permits construction of surfaces that are chemically defined and uniform with respect to surface morphology and can present a variety of chemical functional groups. Another aspect of our study was the use of patterned SAMs which allowed the zoospores a "choice" of surfaces with different wettabilities. SAMs have been used previously to study the effects of hydrophobicity (19, 32) , chemistry (19) , and surface topography (33) on bacterial attachment, as well as for a number of studies on the effects on substratum physicochemistry on adsorption of proteins and mammalian cells (22, 24, 25, 27) . The SAMs used in this study were formed from alkyl thiols terminated with methyl groups (CH 3 ) or hydroxyl groups (OH) or mixtures of CH 3 -and OH-terminated alkyl thiols that resulted in a range of surface wettabilities.
MATERIALS AND METHODS
Preparation and transportation of SAMs. SAMs were prepared at the University of New Mexico on gold-coated coverslips (22 by 50 by 0.25 mm) or regular glass microscope slides (VWR Scientific). The glass supports were cleaned by immersion in a solution prepared by mixing 70% (vol/vol) concentrated H 2 SO 4 with 30% commercial H 2 O 2 (piranha etch) for 20 min to 1 h, thoroughly rinsed in deionized H 2 O, and dried under a stream of nitrogen. Note that the piranha etch solution is a powerful oxidizer, can react violently when it is placed in contact with organic compounds, and should be stored in containers which prevent pressure buildup. The samples were then placed into the chamber of a metal evaporator. The system was evacuated to a pressure of 10 Ϫ6 torr, and 10 Å of chromium and then 300 Å of gold were deposited on the substrata. The system was then restored to room pressure, and the samples were removed and submerged in 1 mM ethanolic solutions of dodecane thiol (referred to below as CH 3 -thiol and obtained from Aldrich Chemical), mercaptoundecanol (OH-thiol; Aldrich Chemical), or a mixture of CH 3 -and OH-thiols. The samples were immersed in the thiol solutions overnight at 4°C. The SAMs remained in the thiol solutions at 4°C until they were shipped, at which time they were rinsed in ethanol and dried under a stream of N 2 . The resulting surfaces (i.e., the -terminated alkane thiolates) are referred to below as CH 3 -SAMs and OH-SAMs.
Patterned SAMs were produced by serial electrochemical desorption and reformation of the SAMs as previously described (31) . A SAM was formed on gold with CH 3 -thiol. A laser ablation system consisting of a Nikon Diaphot 300 inverted microscope adapted with a computer-controlled, pulsed-nitrogen pumped laser (, 390 nm; 15 J/pulse; 20 pulses/s) was used to cut lines in the gold film (prepared as described above) to form electrically isolated regions in the film. The UV laser beam was focused through a ϫ10 objective on the microscope, and it ablated the gold and the SAM, which generated lines of exposed glass that were approximately 15 m wide. The slide was then placed in 0.5 M ethanolic KOH, and an anode was connected to one element. A cyclic current was then applied (Ϫ1.0 to Ϫ1.5 V versus Ag/AgCl; 500 mV s
Ϫ1
) to the element for six cycles. Desorption of the CH 3 -SAM from the surface was monitored by cyclic voltammetry to ensure complete removal of the SAM. The exposed gold was then treated with a 10 mM ethanolic solution of the desired -substituted alkane thiol for 20 min. A series of elements could thus be addressed sequentially, which resulted in a pattern consisting of different SAMs on a single surface.
For transportation, the SAMs were removed from the thiol solutions, dried, and placed in plastic coverslip or slide boxes. The boxes were then put into a plastic desiccator that was subsequently evacuated and then flooded with N 2 . This cycle was repeated three times, and after the final N 2 purge, the chamber was evacuated and sealed. All seams and orifices were then sealed with Parafilm, and the desiccator was placed in a package. The package was sent to the University of Birmingham, Birmingham, United Kingdom, via overnight delivery.
Surface characterization of SAMs. Samples were tested both before and after shipment to ensure that the integrity of the samples was maintained during shipping. Advancing water contact angles ( AW ) were measured both immediately before packing and upon receipt.
X-ray photoelectron spectroscopy was used to determine the surface compositions of mixed monolayers. Samples were analyzed with a model SSX-100 spectrometer (Surface Science Instruments, Mountain View, Calif.) at the National ESCA and Surface Analysis Center for Biomedical Problems at the University of Washington. Using this system, workers analyzed an elliptical area whose short axis was adjusted so that it was 1,000 m long. An A1 K␣ 1,2 monochromatized X-ray source (h, 1,486.6 eV) was used to stimulate photoemission. The energy of the emitted photoelectrons was measured with a hemispherical analyzer. Survey scans for binding energies ranging from 0 to 1,000 eV (with a pass energy of 150 eV) were performed to examine the elemental compositions of the surfaces. At this pass energy, the transmission function of the spectrometer can be assumed to be constant (Surface Science Instruments). Peak areas were normalized by the number of scans, the number of points per electron volt, the Scofield photoemission cross sections (26) , and the sampling depth. X-ray photoelectron spectroscopy data were acquired at a photoelectron take-off angle of 55°; the take-off angle was defined as the angle between the surface normal and the axis of the analyzer lens. High-resolution scans were also recorded at a pass energy of 50 eV. Peak positions were assigned by referencing the hydrocarbon (CH x ) peak to 285.0 eV.
Plant material. Fertile plants of Enteromorpha linza were collected from Wembury Beach, United Kingdom (50°18ЈN, 4°02ЈW). Zoospores were released and prepared for attachment experiments as described previously (11) .
Zoospore adhesion assays. Zoospore suspensions were standardized as described previously (11) . The concentration of spores was adjusted to 10 6 spores ml Ϫ1 by using natural seawater unless otherwise stated. Coverslips or microscope slides were incubated with spore suspensions in the dark at 20°C. Substrata were washed in seawater before they were fixed in 2% glutaraldehyde in seawater for 10 min and then washed as described previously (11) .
Time course of zoospore adhesion. Glass coverslips coated with SAMs generated by using either CH 3 -or OH-thiol solutions were placed individually into 5-cm-diameter Sterilin petri dishes to which 5-ml portions of spore suspensions were added. The AW of the CH 3 -and OH-thiol surfaces were 116°and Ͻ15°, respectively. New ethanol-washed glass coverslips, as supplied by the manufacturer (VWR), were used to compare results obtained with SAMs to the results of previous experiments (11) . Dishes were incubated for 20, 40, or 60 min before the coverslips were removed and processed as described above. Three replicates were used for each treatment. Attached spores were counted in 10 fields of view, located at 1-mm intervals across the midpoint of each of the three replicate coverslips. The mean Ϯ95% confidence limit for 30 counts per mm 2 of surface was calculated.
Zoospore adhesion to SAMs formed from mixtures of CH 3 -and OH-thiols. (i) SAM-coated coverslips. Four coverslips containing each type of SAM were shipped as described above. We used SAMs that were formed with different solution molar fractions of OH-thiol ( OH sol ), where
SAMs were formed from mixed thiol solutions having OH sol of 0, 0.2, 0.45, 0.50, 0.55, 0.65, 0.70, 0.80, 0.90, and 1. Three replicate coverslips were used for the zoospore adhesion assay. The remaining coverslip was used to determine the contact angle. In all cases, except for the 100% OH-terminated SAM, the contact angle was found to be Ϯ20% of the contact angle recorded prior to shipping. In the discussion of AW below we refer to the measurements obtained at the University of New Mexico.
(ii) Patterned SAMs. A microscope slide (76 by 26 mm) having 11 SAMs along the length of the long axis (each area, 5 by 15 mm) was placed in a compartment of a polystyrene culture dish (In Vitro Systems & Services, GmbH), and 10 ml of a spore suspension was added. After the preparations were processed as described above, spores were counted in 20 fields of view through the midpoint of the long axis at 0.5-mm intervals of each SAM by using analySIS software and a personal computer connected to an Olympus model BH2 microscope equipped with a video camera. The number of spores that were in groups (i.e., touching; 1 to 15 spores) was also recorded. Data are presented below for the mean numbers of spores that adhered Ϯ95% confidence limits (x ϭ 20) and also for the percentages of total spores that were present in groups. For clarity, the percentages of cells found in groups were calculated by combining group sizes as follows: 1, 2 ϩ 3, 4 ϩ 5, 6 ϩ 7, 8 ϩ 9, 10 ϩ 11, 12 ϩ 13, and 14 ϩ 15.
Zoospore swimming behavior assays. In order to investigate whether the pattern of spore swimming and searching behavior was affected by the properties of substrata, a video analysis of zoospore behavior was conducted by using a pattern consisting of SAMs in close spatial proximity, which provided spores with a choice of substrata having different wettabilities. For technical reasons, this part of the investigation was conducted at the University of Melbourne, Melbourne, Australia. The pattern was formed on a standard microscope slide and consisted of a square (16 by 16 mm) that was divided into four sectors, each of which was 8 by 8 mm. At the midpoint were corners of four sectors bearing mixed-component SAMs formed from solutions with OH sol values of 0.2, 0.4, 0.6, and 0.8. Adjacent SAMs were separated by approximately 15 m of bare glass. The contact angles of the sectors before dispatch to Australia were 100°, 96°, 64°, and 42°, respectively.
The slide was placed in a 9-cm-diameter petri dish to which 25 ml of a spore suspension (2 ϫ 10 6 spores ml
) was added. Zoospores were released from E. linza collected from Port Melbourne, Victoria, Australia (37°50ЈS, 144°55ЈE). The dish was positioned on the stage of a Zeiss Universal microscope under a Plan 2.5/0.08 objective; the apparatus was set up in a darkroom to prevent phototactic spore movements. Sequences were filmed by using a Panasonic model WV-F250E color video camera and were recorded with a Pioneer model V1000p rewritable video disc recorder. After 10 min the microscope was focused on a plane just above the slide surface so that both swimming and settled spores could be observed. Time-lapse images were then collected every 3 min for 60 min by using a Genesis Systems model Z84C-V1000P VDR timer controller and a Uniblitz model T132 shutter driver controller. Single images were captured on a Targa 2000 Pro video card. At the end of the filming (a total of 70 min after spores were put into the dish), the number of spores that were firmly attached to each sector was assessed by recording images of the slide after unsettled spores in seawater were washed away. Finally, as a check to ensure that the SAMs sent to Australia were performing like those sent to Birmingham, the SAM slide was fixed and processed by using the standard cell counting procedure described above.
Spores were counted by using three consecutive video images representing each time point (i.e., 10, 13, and 16 min after the spore suspension was added [mean 13 min]; 37, 40, and 43 min after the spore suspension was added) [mean, 40 min]; and 64, 67, and 70 min after the spore suspension was added [mean, 67 min]). Spores were counted in each sector within an area (0.45 by 0.45 mm) adjacent to the midpoint of the four SAM sectors. The mean number of attached spores per square millimeter Ϯ95% confidence limits was calculated for each group of three images. Attached spores were counted by using the single video image after the slide was washed.
Settled spores on the fixed slide were counted in 20 fields of view located at 100-m intervals along the diagonal of each square, starting at the central corner. The mean number of attached spores per square millimeter Ϯ95% confidence limits was calculated. Figure 1A shows AW of SAMs as a function of the OH sol . We chose a series of solution mole fractions so that a range of AW from 20°to 110°was obtained with intervals of ϳ10°between consecutive samples. The mole fractions of OH-terminated alkyl thiolates in the SAMs ( OHsurf ) were calculated by using the O 1S peak area as described elsewhere (4, 32) . A trace of contaminating oxygen was observed with the 100% CH 3 -SAM (atomic percentage, 3.1). The relationship between OH surf and OH sol is shown in Fig. 1B . The error of analysis for the instrument used was ϳ10% (15) .
RESULTS

Surface analysis of SAMs.
Time courses of spore attachment to OH-and CH 3 -SAMs. The time courses for spore attachment to OH-and CH 3 -SAMs on glass showed that the rate of attachment was highest on the CH 3 -SAM and lowest on the OH-SAM (Fig. 2) . After 1 h of incubation there were approximately 2.5 times more spores attached to the CH 3 -SAM than to the OH-SAM. The glass control, which had an intermediate contact angle ( AW , ϳ40°), exhibited intermediate levels of zoospore attachment.
Attachment to SAMs with different proportions of surface hydroxyl and methyl groups. Figure 3 shows the total number of attached spores after 1 h as a function of OH surf . Both the AW and the number of spores attached decreased as the OH surf increased and the surface became more wettable (i.e., hydrophilic). The most pronounced response of spore settlement to wettability was observed for the contact angle range from 40 to 80°, corresponding to a OH surf range of 0.45 to 0.80. A similar relationship between the total number of spores and wettability was observed with the patterned SAMs (Fig.  4A) . Figure 4B shows that the majority of spores were attached as single spores or in small groups (maximum number of spores per group, 5 or 6) on the more hydrophilic SAMs ( AW , Յ80°). On surfaces with AW of Ͼ80°, the proportion of spores in larger groups increased as the surfaces become less wettable (i.e., more hydrophobic) (Fig. 5) . On the most hydrophobic surface ( AW , 110°), only 25% of the total spores were present as single spores, and the majority of the spores were aggregated into groups containing up to 15 spores (Fig. 4B) .
Spore behavior on SAMs as revealed by video microscopy. Counts of motile spores could not be obtained until the majority of the spores were in the same focal plane; thus, the sample was left for 10 min before the microscope was focused on the plane of the surface. The subsequent spore counts obtained from the video images thus represented both swimming and settled spores. Figure 6 shows that the distribution of spores associated with the four sectors was not random; there was a negative correlation between spore number and increasing content of OH-terminated groups (i.e., increasing hydrophilicity). The highest number of spores associated with all sectors was recorded at 10 min. At all time points the hydrophobic sectors had more spores associated with them than the hydrophilic sectors. The order of response was as follows: AW parison of the values for the washed slide and the 67-min incubation showed that by this time between 50 and 70% of the total spores counted were attached spores.
Finally, the mean numbers of zoospores that adhered to each sector after fixation (Ϯ95% confidence limits), as assessed by the standard cell counting procedure were, 733 Ϯ 48, 446 Ϯ 50, 209 Ϯ 59, and 173 Ϯ 51 spores mm Ϫ2 for AW of 101°, 96°, 64°, and 42°, respectively. Thus, the SAM slide used in this experiment performed in the same way that the slides used in the other attachment assays performed.
DISCUSSION
Effect of wettability on spore attachment. The surfaces used in this study provided ranges of wettabilities and known chemical compositions. The composition and surface properties of the SAMs are comparable to those described previously (2, 4, 32) . The time course for spore adhesion to uncoated glass was similar to the time course reported previously (8, 11) . Settlement on the hydrophobic CH 3 -SAM was most rapid, and the highest number of attached spores was associated with this surface. A positive correlation between the number of spores attached and a high AW (i.e., hydrophobicity) was seen in all experiments.
The pronounced effect of wettability on spore attachment observed at contact angles between 40°and 80°may be explained by thermodynamic models, such as the model proposed for bacterial adhesion (1) . In such models the free energy of microbial adhesion (⌬F adh ) is determined by the relationships of the interfacial tensions between the organism and the substratum (␥ BS ), between the organism and the bulk liquid (␥ BL ), and between the surface and the liquid (␥ SL ):
In studies such as this study, the only variable is ␥ SL , which is directly related to the contact angle () by using Young's equation:
where ␥ SV and ␥ LV are the substratum-vapor and liquid-vapor interfacial tensions, respectively. Since in our experimental procedures, ␥ SV and ␥ LV were presumably consistent, the differences in surface energy depended only on cos. When the data from Fig. 3 , for example, are plotted as spore attachment versus cos AW , the regression of the resulting plot is nearly linear, and the regression coefficient (R 2 ) is 0.912. Thus, the results obtained are consistent with thermodynamic models. However, such models were originally developed for equilibrium situations with inert, colloidal particles, and their limitations when they are applied to living cells that exhibit complex attachment biology have been extensively discussed (17) . Nevertheless, the model is consistent with the results and suggests that spore attachment may be dominated by the same forces which control adhesion of colloidal particles and that hydrophobic interactions are important. The favorable effects of hydrophobic surfaces on promoting spore attachment are also demonstrated by an analysis of group size. Gregarious settlement of spores onto glass was observed previously when high concentrations of spores were employed (11) or when settlement occurred in the presence of detritus associated with a microbial biofilm (10) . However, in the experiments described here, the spore concentration employed was relatively low (10 6 spores ml Ϫ1 ). On glass substrata, this concentration would not have produced the extensive level of gregarious settlement that was associated with the more hydrophobic SAMs (contact angles greater than approximately 80°).
At this stage it is not possible to identify in cell biological terms the precise point(s) in the whole spore attachment process at which hydrophobic interactions could be important. As determined by other researchers working on aquatic adhesion systems (reviewed in reference 16), hydrophobic interactions assist in the displacement of water molecules from interfaces and therefore facilitate the substratum-adhesive bonding process. On this basis, spores which committed themselves to attachment to a hydrophilic surface presumably were not able to form an adhesive bond and, thus, under the experimental conditions used, could be readily detached by the slide rinsing procedure and would not be detected as settled cells.
However, hydrophobic interactions could also be important in the preadhesion, surface selection phase of attachment, during which swimming spores actively probe the surface before engaging in a spinning behavior, in which a spore rotates on its apical papilla through a small elastic pad consisting of temporary adhesive. The spore may then commit itself to permanent adhesion, which involves discharge of a permanent adhesive, or it may detach and move to another site. Displacement of water between the apical papilla and the substratum may be assisted by hydrophobic interactions, which thus allows closer proximity between the plasma membrane of the spore and the surface and which may facilitate the transfer of any signals required by the spore to trigger the release of the permanent adhesive (11) .
Effect of substratum wettability on swimming spore behavior. Support for the hypothesis that surface wettability had an effect on the surface selection phase of settlement was obtained from the video time-lapse studies on the accumulation of swimming spores over the different SAM sectors. The results suggest that exploration was not random. Between 10 and 16 min after a spore suspension was introduced above a 2-by-2 pattern of SAMs, there were approximately three times more spores (swimming and settled) associated with the most hydrophobic sector than with the most hydrophilic sector. The number of spores that settled in the first 16 min was probably no more than approximately 10% of the total (Fig. 2) , so the total spore count at this time mainly represented swimming spores. An unusual feature of these results is that the total numbers of spores associated with the four sectors all decreased over time. The observed decreases may have been due to a number of factors, including a change in the surface properties of the SAMs (i.e., the hydrophobic surfaces became more hydrophilic with time and vice versa) and the possibility that the flashes of light necessary for time-lapse video recording caused some spores to swim away from the area being observed as this area was subjected to the most intense illumination.
Although the results described above are consistent with the hypothesis that surface wettability may influence attachment at the preadhesion, surface selection stage, they could also be explained by other mechanisms. It is known that Enteromorpha spores respond positively to signals from previously settled spores during gregarious settlement behavior (11) , possibly because of diffusible chemical signals. Other observations have also shown that zoospores exhibit chemoattractive behavior (9, 10) . It is possible, therefore, that on the more hydrophobic SAMs the attached spores provide a ready source of diffusible signals that attract more spores to the interface compared with hydrophilic surfaces. This explanation is also supported by the data which showed that gregarious settlement was greater on hydrophobic surfaces.
It is becoming increasingly apparent that in aquatic bacterial systems attachment to surfaces having different hydrophobicities proceeds by seemingly different cellular mechanisms. Enzymatic and detergent treatment of Vibrio proteolytica, for example, leads to differential attachment to hydrophobic surfaces but not hydrophilic surfaces (23) . Observations of attachment of the marine bacteria Pseudomonas sp. strain NCIMB 2021 (32, 33) and Halomonas marina ATCC 25374 (L. K. Ista, unpublished data) to SAMs have revealed that these bacteria attach to CH 3 -SAMs by their cell bodies and to OH-SAMs in the polar region. Furthermore, studies performed with H. marina and surfaces whose hydrophobicity can be switched in response to an environmental cue have shown that there are probably different mechanisms for attachment to hydrophobic and hydrophilic surfaces (20) . The hydrophobicity of the substratum can even alter the way in which cells of an individual bacterial species arrange themselves on a surface. Dalton and colleagues have shown that the marine organism strain SW5 aggregates as tightly packed layers on hydrophobic surfaces and forms chains on hydrophilic surfaces (13) .
The present study, for the first time, allowed us to investigate the effect of surface wettability on Enteromorpha zoospore settlement and primary adhesion independent of other surface characteristics and in situations in which the spores have a choice of surfaces. The results of several other studies have indicated that in general, the strength of adhesion of both micro-and macroorganisms is lower on hydrophobic surfaces with low surface free energy (12, 21, 30) . This property is being exploited commercially as coatings with low surface energies, such as silicone elastomers, are now being employed to control biofouling.
